Naphthalene (NA) is a semivolatile aromatic hydrocarbon to which humans are exposed from a variety of sources. NA results in acute cytotoxicity to respiratory epithelium in rodents. Cytochrome P450-dependent metabolic activation to form reactive intermediates and loss of soluble cellular thiols (glutathione) are critical steps in NA toxicity, but the precise mechanisms by which this chemical results in cellular injury remain unclear. Protein thiols are likely targets of reactive NA metabolites. Loss of these, through adduction or thiol oxidation mechanisms, may be important underlying mechanisms for NA toxicity. To address the hypothesis that loss of thiols on specific cellular proteins is critical to NA-induced cytotoxicity, we compared reduced to oxidized thiol ratios in airway epithelial cell proteins isolated from lungs of mice treated with NA or the nontoxic glutathione depletor, diethyl maleate (DEM). At 300 mg/kg doses, NA administration resulted in a greater than 85% loss of glutathione levels in the airway epithelium, which is similar to the loss observed after DEM treatment. Using differential fluorescent maleimide labeling followed by 2DE separation of proteins, we identified more than 35 unique proteins that have treatment-specific differential sulfhydryl oxidation. At doses of NA and DEM that produce similar levels of glutathione depletion, Cy3/Cy5 labeling ratios were statistically different for 16 nonredundant proteins in airway epithelium. Proteins identified include a zinc finger protein, several aldehyde dehydrogenase variants, b-actin, and several other structural proteins. These studies show distinct patterns of protein thiol alterations with the noncytotoxic DEM and the cytotoxic NA.
Naphthalene (NA) is a well-studied environmental pollutant that, in mouse models, selectively results in necrotic lesions of nonciliated bronchiolar epithelial cells (Clara cells) regardless of route of exposure (oral, intraperitoneal, or inhalation) (1, 2) . Similar toxicity is not observed in rat lung, which raises the issue of potential susceptibility of the respiratory tract of humans. Widespread exposure of humans to NA has been documented. NA is a byproduct of combustion of wood and gasoline (3) and is a significant component of jet fuel (1-3%). High concentrations of NA and structural congeners are found in mainstream and side-stream tobacco smoke (4) . As demonstrated recently, food may be a source of human exposure as well (5) . The Centers for Disease Control and Prevention's National Health and Nutrition Examination Survey conducted a study in 2001 and 2002 of 2,748 United States citizens to determine their exposure to polycyclic aromatic hydrocarbons (PAHs). NA metabolites were detected in 100% of the population examined, and, of the 22 hydroxy-PAH metabolites measured, naphthols accounted for 75% of the total PAHs detected (6) . Epidemiologic studies have failed to establish a link between NA exposure and lung disease, although this may be due to the high incidence of lung disease and to the prevalence of human exposure to this compound. Thus, proper assessment of the susceptibility of human populations depends on understanding key steps associated with the mechanisms of toxicity in animal models, the development of biomarkers that probe these key steps, and by application of these to exposed human populations.
NA is metabolized by cytochrome P450s into highly reactive electrophilic intermediates, some of which can be detoxified by conjugation with glutathione (GSH). Depletion of GSH is a major determinant in NA respiratory toxicity; depleting GSH increases adduct formation and enhances susceptibility to NA toxicity (7, 8) . Similarly, augmenting GSH levels with GSH monoethylester or cysteinyl-glycine decreases toxicity and covalent binding of reactive NA metabolites (9) . Further studies also have shown that diethyl maleate (DEM), a GSH depletor, causes significant GSH loss in intrapulmonary airways that is quantitatively similar to NA but does not result in the same cellular cytotoxicity as that caused by NA exposure (e.g., increased membrane permeability, mitochondrial disruption, and cell death) (9) . Thus, GSH depletion is a necessary but not sufficient feature of NA-induced airway epithelial cell injury.
Reactive NA intermediates can covalently adduct proteins, and there is a general association between the levels of adducted protein in the lung and the severity of airway epithelial cell toxicity (10) . More recent studies have identified a number of proteins within airway epithelial cells that are adducted by reactive NA metabolites, but the specific metabolites involved in adduct formation and the role of quinone redox cycling compared with covalent adduct formation in cytotoxicity remains unclear (11) (12) (13) (14) . Many of the adducted proteins identified are involved in protein folding and maintenance of proper cellular redox status, leading to the possibility that the mechanism of toxicity may be a combination of adduction of critical proteins and the oxidation of cellular protein thiols associated with redox cycling. Protein thiol oxidation is also a possible result of NA metabolism, either because of GSH depletion or direct oxidation caused by reactive oxygen species formed during redox cycling of NA
CLINICAL RELEVANCE
These studies compare the post-translational modification of protein thiols in airway epithelial cells in response to exposure to the glutathione depletors, naphthalene, a Clara cell-selective cytotoxic agent and diethyl maleate which is not toxic. Enhanced understanding of the biochemical mechanisms for chemical-induced lung toxicity associated with airborne toxics, like naphthalene, will aid in predicting sensitive populations and in devising ways to ameliorate the health consequences of exposure. metabolites. A recent study by Dennehy and colleagues (15) indicated that modification of specific protein families was possible by thiol-reactive electrophiles. Thus, understanding changes in the redox status of cellular proteins may yield significant insight into mechanisms by which chemicals can produce cellular necrosis.
We have recently reported a method that allows measurement of the ratio of reduced to oxidized cellular protein thiols using differential fluorescence labeling combined with gel electrophoresis (16) . The current study uses this method to address the differences in protein thiol oxidation caused by NA and DEM in airway epithelial cells of male mice after intraperitoneal administration. We identified specific proteins in which thiols were oxidized by NA and were not oxidized by DEM or were differentially oxidized by DEM relative to control protein samples. Specific doses of these chemicals produced equivalent GSH loss in the liver and in airway epithelial cells. Comparisons of protein thiol loss associated with the cytotoxic aromatic hydrocarbon NA with the noncytotoxic GSH depletor DEM focus attention on target proteins possibly involved in the series of events leading to the cytotoxic injury associated with NA.
MATERIALS AND METHODS
The method used in the current work is the same as in a recently published paper describing the procedures for monitoring protein thiol status using differential fluorescence labeling coupled with protein separation by two-dimensional (2D) gel electrophoresis (16) . Therefore, abbreviated descriptions are provided here.
Reagents
NA was purchased from Fisher Scientific (Pittsburgh, PA), and DEM was purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Nondetergent sulfobetaine-195, benzamidine, 1,10-phenanthroline, aprotinin, pepstatin, and leupeptin were obtained from Calbiochem (La Jolla, CA). Rhinohide acrylamide/bisacrylamide was obtained from Molecular Probes (Eugene, OR). Bio-Rad Protein Assay solution was purchased from Bio-Rad (Hercules, CA). Sea Plaque low-meltingtemperature agarose and Isogel agarose were obtained from Cambrex BioScience Rockland, Inc. (Rockland, ME). Cy3 and Cy5 maleimide monoreactive dyes and all other electrophoresis materials were obtained from GE Health Care (Piscataway, NJ). These dyes are not the CyDIGE maleimides; rather, they are disulfonic acid maleimides. All solutions were prepared with deionized water (resistivity > 18.1 MV/cm).
Animals and Treatment
All animal use was approved by the Animal Use and Care Committee at the University of California, Davis. Male Swiss Webster ND4 mice (25-30 g) were purchased from Harlan (Indianapolis, IN). Animals were allowed free access to food and water and were housed in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility in HEPA-filtered cage racks at the University of California, Davis, for at least 5 days before use. Twenty-four mice were randomly assigned to one of four treatment groups (n 5 6 per group): 200 mg/kg NA, 300 mg/kg NA, 1 g/kg DEM, or oleic oil vehicle control. For all experiments, animals were given a single intraperitoneal dose of NA, DEM, or a corresponding volume of oleic oil vehicle control (0.05 ml/10 g body weight). Animals were killed 1 hour after DEM or oleic oil injection or 2 hours after NA injection with an overdose of pentobarbital.
Recovery of Epithelial Cell Proteins by Lysis-Lavage
Procedures for selective removal of airway epithelial cell proteins were described by Wheelock and colleagues (17) . Briefly, the trachea of each animal was cannulated, the parenchymal portions of this organ were protected by infusion of low-melting-temperature agarose followed by 5% dextrose, and the excised lung was cooled in ice-cold 5% dextrose.
After 10 minutes, the dextrose solution was removed through simultaneous inversion of the lungs and gentle suction with a syringe; this procedure was repeated until no more solution could be recovered. The airways were then lavaged with lysis buffer containing detergents, protein denaturants, and protease inhibitor cocktail as described (16) to recover airway epithelial proteins. The residual lung, a small liver sample, and 50 ml of lysis lavage sample from each animal were homogenized in Solution A (200 mM methane sulfonic acid, 5 mM diethylenepentaacetic acid) for GSH analysis. Samples were frozen immediately on dry ice.
GSH Analysis by HPLC
A method previously described by Lakritz and colleagues (18) was used for the quantification of GSH. Briefly, the supernatant from centrifuged acidic lysis lavage, residual lung, and liver samples was subjected to reverse-phase HPLC coupled with electrochemical detection to directly measure reduced GSH. The response was linear from 0.25 to 1,000 ng of GSH on column (r 2 5 0.996), and data are reported as nmol of GSH per mg protein, as determined by the Bradford protein assay (19) . Statistical comparisons of GSH levels between groups were made using a one-way ANOVA in SigmaStat 3.0. Differences were considered significant at P < 0.05.
Multiplexed Fluorescent Labeling and 2DE
This method was first described by Spiess and colleagues (16) . Each lavage sample, containing approximately 1 mg protein, was added immediately to tubes containing 250 nmol Cy3 maleimide dye for labeling of reduced thiols within the sample. Cy3 maleimide-labeled samples were incubated at room temperature in the dark overnight (for at least 16 h), which allowed excess unreacted dye adequate time to hydrolyze within the aqueous lysis solution. Tributylphosphine (40 ml of 200 mM stock) was added to each sample (24 mM final concentration) and allowed to incubate for 30 minutes to reduce disulfide bonds and sulfenic acids. Each sample was then reacted with 250 nmol of Cy5 maleimide by incubating at room temperature for at least 2 hours.
Samples from individual animals were analyzed independently. Immobilized pH gradient (IPG) buffer was added to 100 mg of protein from each sample, and sample volumes were brought to 350 ml with lysis solution. Two narrow-range, 18-cm Immobiline DryStrips (GE Health Care, Piscataway, NJ) (pH 4.5-5.5 and pH 5.5-6.7) were rehydrated for each sample. Protein separation by 2D gel electrophoresis was performed as described previously (16) . After electrophoresis, the protein gels were fixed in 25% methanol, 5% acetic acid overnight.
Visualization of Labeled Proteins
All gels were scanned for Cy3 and Cy5 signal using a Typhoon 8600 at 100 mm resolution. Photomultiplier settings varied between 400 and 800 mV and were set to the highest levels possible without signal saturation. Gels were silver stained as described (16) to register features for identification. Silver-stained gels were scanned at a resolution of 600 dpi on an Epson Expression 1680 flatbed scanner (Epson American, Long Beach, CA) (16 bit grayscale) using the SilverFast EpsonIT8 software. Gels were warped to align spots using TT900 S2S v2006, and spot volume analysis of the gels was performed in Progenesis PG220 v2006 (both Nonlinear Dynamics, Durham, NC). Elementary spot volume calculations were performed in Microsoft Excel.
Statistical Analysis
A Cy3/Cy5 spot volume ratio was calculated for each spot. Statistical comparisons of spot volumes between groups were made using a oneway ANOVA in SigmaStat 3.0. Differences were considered significant at P < 0.05.
Protein Identification by Matrix Assisted Laser Desorption/ Ionization Tandem Time-of-Flight Mass Spectrometry and Liquid Chromatography-Tandem Mass Spectrometry
Proteins whose Cy3/Cy5 ratios were identified as being significantly different between treatment groups were excised from the control 2D gels. Gel plugs were destained, washed, and digested with trypsin (modified trypsin gold [10 ng/ml]; Promega, Madison, WI). Analysis of peptides was performed on an Applied Biosystems 4700 Proteomics Analyzer (Applied Biosystems Inc., Foster City, CA) with Tandem Time-of-Flight (TOF/TOF) optics. Matrix Assisted Laser Desorption/ Ionization-Mass Spectrometry (MALDI-MS) data were collected in the m/z range of 700 to 4000 using trypsin autolysis peaks of m/z 842.510, 1,045.600, 2,211.105, and 2,239.136 Da as internal calibrants. Data were analyzed using Applied Biosystems GPS Explorer Software with a precursor tolerance of 100 ppm, MS/MS fragment tolerance 0.2 Da, and the following variable modifications: oxidation (M), Cy3 (C), Cy5 (C), and a maximum of two missed trypsin cleavages. The IPI Mouse database searches (53,847 entries) were performed on all MS and MS/MS data sets using GPS Explorer Workstation v3.5 software (Applied Biosystems, Inc., Foster City, CA), and a probability-based Mascot score greater than 60 (equivalent to P < 0.05) was considered a statistically significant hit.
Digested tryptic peptide samples that could not be identified by MALDI-TOF/TOF were analyzed by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) at the University of California, Davis Proteomics Facility. Peptides were directly loaded onto an Agilent ZORBAX 300SB C 18 reverse phase trap cartridge (Santa Clara, CA), which, after loading, was switched in-line with a Michrom Magic C 18 AQ 200 mm 3 150 mm C 18 column (Auburn, CA) connected to a Thermo-Finnigan LTQ iontrap mass spectrometer (San Jose, CA) through a Michrom Advance Plug and Play nano-spray source. Peptides were separated using a gradient of 2 to 40% B (A 5 0.1% formic acid; B 5 100% ACN) over 35 minutes, a gradient of 40 to 80% B for 1 minute, held for 1 minute, and a gradient of 80 to 2% B over 8 minutes. MS and MS/MS spectra were acquired using a top 10 method, where the top 10 ions in the MS scan were subjected to automated lowenergy CID. All MS/MS samples were analyzed using Mascot. Mascot was set to search the NCBI mouse database (140,245 entries), assuming the digestion enzyme trypsin. Mascot was searched using a fragment ion mass tolerance of 0.80 Da, a parent ion tolerance of 1.8 Da, and variable modifications of methionine oxidation. A probability based Mascot score greater than 60 (equivalent to P < 0.05) was considered a statistically significant hit.
RESULTS

GSH Analysis by HPLC
The overall goal of these studies was to evaluate alterations in thiol to disulfide/oxidized thiol levels in specific proteins after NA or DEM administration. Therefore, initial studies were done to establish doses of these chemicals that produced comparable levels of depletion of soluble thiol (GSH) in airway epithelial cells. Levels of GSH per mg protein in airway epithelial cells of vehicle-treated mice were 37% higher (P , 0.05) than in the residual lung of those same animals ( Figure 1 ). As expected, the levels in the airway epithelium and residual lung were less than in the liver. Administration of NA (200 or 300 mg/kg intraperitoneally) or DEM (1 g/kg) resulted in significant loss of GSH in all compartments studied. As a percentage of control, the decrease in GSH levels was greater in airway epithelial cells obtained by lysis lavage than in residual lung, representing a loss to 44% of control in lysis lavage and to 76% of control in residual lung at 200 mg/kg NA. Hepatic GSH levels were depleted to approximately 26% of control at the 200 mg/kg dose. Higher doses of NA decreased GSH levels to less than 15, 44, and 7% of control values in airway epithelium, residual lung, and liver, respectively ( Figure  1 ). DEM treatment (1 g/kg intraperitoneally) resulted in depletion of GSH in airway epithelial cells and liver to levels that were nearly identical to those measured after 300 mg/kg NA administration. The GSH levels in airway epithelial cells after DEM and 300 mg/kg NA treatment were not statistically different from one another. In comparison, NA (300 mg/kg) resulted in depletion of GSH to 44% of control in residual lung compared with 13% of control after DEM; these differences were statistically significant.
Alterations in Protein Thiols in Airway Epithelium after NA or DEM
Proteins were separated by 2D gel electrophoresis within pH ranges of 4.4 to 5.5 and 5.5 to 6.7 ( Figures 2A and 2B , respectively). An average of Cy3 fluorescence/Cy5 fluorescence was calculated for each individual spot feature in each treatment group. Of the 906 spot features detected on the pH 4.5 to 5.5 gel images, 190 were identified that differed significantly (P < 0.05) between the four treatment groups (control, 200 mg/kg NA, 300 mg/kg NA, 1 g/kg DEM; n 5 6). Of those identified as having significant differences in the ratios of maleimide labeling, 44 could be accurately excised from a control sample separated by 2D gel electrophoresis and stained with silver nitrate. Of those, 13 were identified by MALDI-TOF/TOF analysis, and 33 were identified by LC/MS/MS (with two spots identified by both techniques) after database searches of the MS and MS/MS spectra (Table 1) . Of the 234 spot features detected on the pH 5.5 to 6.7 gel images, 51 were identified that had maleimide labeling ratios that differed significantly (P < 0.05) between the four treatment groups (control, 200 mg/kg NA, 300 mg/kg NA, 1 g/kg DEM; n 5 6). Of those identified as significant, 11 could be accurately excised and identified from a control sample separated by 2D gel electrophoresis and stained with silver nitrate (Table 1) .
One of the primary objectives of these studies was to compare proteins undergoing differential oxidation after cytotoxic doses of NA with nontoxic DEM. Using doses of these two compounds, which produced similar levels of GSH depletion in liver and airway epithelial cells, 16 unique proteins were identified where the Cy3/Cy5 labeling differed significantly. In most cases, this resulted from ratios of Cy3 (reduced)/Cy5 (oxidized and reducible by tributylphosphine) after 300 mg/kg NA, which stayed similar to control values or increased slightly, and decreased dramatically after DEM treatment, in some cases by as much as 5-to 6-fold (Table 1 ). All but one of the identified proteins demonstrating these differences in the Cy3/Cy5 ratio were observed in the 4.5 to 5.5 pH range. These proteins included metabolic enzymes (aldehyde dehydrogenase, a enolase), structural proteins such as b-actin, and proteins associated with the unfolded protein response (Bip, heat shock 70 kD, protein 5). Mitochondrial aldehyde dehydrogenase, Rho-GDP disassociation inhibitor a, two forms of annexin, and two zinc finger proteins were also identified, among others. For b-actin (spot features #33 and #34), mitochondrial aldehyde dehydrogenase and Bip, the difference in the Cy binding ratio after 300 mg/kg NA results from an increase in Cy3 binding and a decrease in Cy5 binding ( Figure 3 ). In contrast, DEM treatment decreases Cy3 labeling and increases Cy5 labeling of b-actin and mitochondrial aldehyde dehydrogenase; for Bip, Cy3 labeling decreased significantly from control, whereas Cy5 labeling decreased only slightly from control. Significant changes in Cy3/Cy5 labeling were noted in 10 proteins when comparing the group treated with 200 mg/kg NA with the group treated with 300 mg/kg NA. These proteins included several mitochondrial aldehyde dehydrogenases (Figure 4) , serine/cysteine peptidase inhibitor, a zinc finger protein, and selenium binding protein 1. In all cases, 200 mg/kg NA produced a slight decrease in the Cy3/Cy5 ratio, whereas 300 mg/kg NA dose produced an increase in this ratio.
At a dose of 200 mg/kg NA, GSH is depleted to 45% of control in target airway epithelium (see Figure 1 ). This treatment results in a significant decrease in Cy3/Cy5 ratio for five identified proteins when compared with control. These proteins include mitochondrial aldehyde dehydrogenase, serine protease inhibitor, and annexin A5. The differences in the Cy3/Cy5 labeling ratios for all five of the proteins come from a drastic decrease (4-fold less) in the Cy3 labeling in the 200 mg/kg-treated group. A dose of 300 mg/kg NA caused a significant increase in the Cy3/Cy5 labeling ratios of six proteins (vinculin, mitochondrial aldehyde dehydrogenase, peroxiredoxin 1, cytoskeletal keratin, Bip, and carbonyl reductase 2) in comparison to control. The difference in Cy3/Cy5 labeling for these six proteins arises from an increase in Cy3 labeling and a decrease in Cy5 labeling.
DISCUSSION
There has been a long-standing interest in the redox status of soluble and protein sulfhydryls. Recent progress aimed at understanding the response of cells to strongly oxidizing environments has provided important insights into intracellular events that arise in response to exposure to oxidizing chemicals and to diseases that result in higher-than-normal formation of reactive oxygen species. Until recently, our appreciation of the absolute quantities of available protein sulfyhydryl, protein disulfides (PSSP), and protein mixed disulfides with GSH (PSSG) has been limited. Newly introduced approaches for measuring the proportions of protein sulfyhydryl, PSSP, and PSSG in cell lines (HEK and HeLa) show a relatively small number of protein cysteines in disulfide bonds (, 10%) and a small percentage of these as PSSG (, 0.1%), indicating that this is likely not a major source of GSH storage (20) . Although these studies provide a reasonable accounting of the proportions of thiols, disulfides, and protein-GSH mixed disulfides, they are not capable of examining the sulfhydryl status of individual proteins. The differential labeling methods introduced earlier (16) are not able to assess the absolute proportions of protein thiols and disulfides in the cell, but they allow evaluation of changes in the oxidation status of cysteines of individual proteins in response to external stimuli.
This study was based on earlier work showing that GSH depletion is a necessary but not sufficient event in NA-induced airway epithelial cell toxicity in mice. Doses of NA that produce substantial depletion of GSH result in necrosis of nonciliated bronchiolar epithelial cells of mouse lung (1, 8, 9) . In contrast, at doses that result in comparable levels of GSH depletion, DEM produces transient alterations in Clara cell morphology, including swelling, blebbing, and cytoskeletal disruption, which resolves and does not proceed to frank cellular necrosis (9). The current work has shown that Cy3/Cy5 labeling ratios of a total of 241 separate spot features over a 2 pH range were significantly different among at least two of the treatment groups (control, 200 mg/kg, 300 mg/kg, and 1 g/kg DEM). Of these, 16 proteins isolated from mouse airway epithelial cells from the 300 mg/kg treatment group differed significantly in Cy3/Cy5 labeling ratios, compared with the DEM treatment group.
Different doses and time points for exposure of DEM and NA were used to demonstrate comparable, significant losses in airway epithelial cell GSH levels. GSH levels in the lysis lavage, residual lung, and liver samples (see Figure 1) show 200 and 300 mg/kg NA, and DEM treatments depleted GSH levels significantly from control. The fact that NA requires metabolism by cytochrome P450 monooxygenases to produce GSHdepleting metabolites is consistent with the selectivity observed in GSH loss from airway epithelial cells obtained by lysis lavage compared with residual lung. DEM depletes GSH in airway epithelium and residual lung compartments to levels that are comparable to each other, a finding that is consistent with mechanisms of GSH depletion from this chemical that involve GSH transferase-dependent conjugation. The cytochrome P450 monooxygenase that catalyzes the metabolic activation of NA is almost exclusively localized in Clara cells of the airway epithelium (21), whereas GSH transferases are present in airway and alveolar epithelium (22) . In lysis lavage and liver samples, 300 mg/kg NA and 1 g/kg DEM treatments depleted GSH to levels that were not statistically different.
Many of the proteins whose thiol status was shown in these studies to be influenced by NA, DEM, or both compounds have been shown to be targets of various electrophilic metabolites derived from hepatic, pulmonary, and renal toxicants. A comprehensive database of adducted proteins is being developed by Hanzlik and colleagues (23; http://tpdb.medchem.ku.edu:8080/ protein_database/). Even though this list is incomplete, proteins such as BiP, heat-shock protein 70, selenium binding protein, aldehyde dehydrogenase, and b-and g-actin are common targets for a number of reactive metabolites generated by cytochrome P450-dependent metabolism. Although there is no conclusive evidence for the formation of one or more specific adduct(s) in cytotoxicity, the availability of a more complete database of cellular proteins being modified by these reactive metabolites has enabled testable hypothesis to be formulated. As discussed in detail by Ikehata and colleagues (24) , many of the targeted proteins for reactive metabolites are associated with chaperones, and adduction of these proteins is consistent with the possibility that they are important in the series of events that lead to cytotoxicity. GSH depletion is one of the hallmark events associated with many of these toxicants. GSH depletion exposes the cell to additional stress associated with loss of one of the main cellular protection systems, which in turn generates unfolded proteins, placing additional demands on the chaperone proteins. Although this explanation is appropriate for an acute exposure, as seen in this 2-hour study, different cellular mechanisms, such as an increase in de novo protein synthesis, may play significant roles over longer periods of time where an increase in oxidative stress is known to result in increased transcription of antioxidant genes, including those of chaperone proteins. Support for this comes from recent studies in lungs of smokers compared with nonsmokers that demonstrate significantly higher levels of several endoplasmic reticulum stress proteins (calreticulin, protein disulfide isomerase, and GRP 78) in smokers (25) . These same proteins have been identified in studies from our lab as targets for reactive NA or nitronaphthalene metabolites (13, 14, 26) or with thiol ratios that are significantly altered by NA or DEM treatment in this study. As demonstrated in the current work, DEM treatment decreased the Cy3/Cy5 ratios for two heat-shock proteins (BiP and Hspa8; 70 kD) in comparison to control. This latter protein is adducted by reactive NA metabolites in airway epithelial cells (13) , which may alter its ability to act as a chaperone.
In numerous cases, statistically significant differences in thiol labeling ratios between 300 mg/kg NA and DEM resulted from slightly higher Cy3/Cy5 ratios after NA compared with control and decreased Cy3/Cy5 labeling with DEM compared with control. For example, with b-actin, a highly abundant protein, the increase in Cy3/Cy5 was due to a loss of Cy5 signal and a gain in Cy3 labeling after NA treatment. One possible explanation of these findings that is consistent with the increase in Cy3 labeling involves deglutathionylation of the protein from its native state, possibly brought on by the oxidative stress in the airway epithelial cells. Actin is constitutively glutathionylated in cells even in the absence of oxidative stress (27, 28) . Glutathionylation inhibits actin polymerization in vitro and affects the cellular cytoskeleton (27) (28) (29) . One of the earliest events of NA-induced Clara cell cytotoxicity is cytoskeletal rearrange- ment within swollen cells, where filaments relocate to the apex of the cell and apical membrane blebs are separated from the main body of the cell by a zone of organized filaments (30) . The filaments caused by NA cytotoxicity are present 2 hours after treatment and organize into blebs at 3 hours after treatment (30) . The Clara cell blebs resemble those found in hepatocytes exposed in vitro and in vivo to decarbazine and menadione, a compound known to redox cycle, thereby generating reactive oxygen species (31) (32) (33) .
Another protein found to have a significant change in its Cy3/Cy5 binding ratio in the 300 mg/kg treatment group was a Rho guanine-nucleotide-dissociation inhibitor a (RHOGDIa). Rho-GDIs stabilize the GDP-bound inactive state of small G proteins known as GTPases in vitro and in vivo (34) (35) (36) (37) (38) . GTPases regulate cell functions such as growth and differentiation, as well as cytoskeletal architecture and other cell functions (39) (40) (41) (42) (43) . In GDI-negative cells, protrusions and actinrich structures were found at the cell periphery and were shown to be driven by actin polymerization (44) .
The primary purpose of the studies reported here was to compare changes in the status of protein sulfhydryls in response to GSH depletion with one of the chemicals producing dosedependent necrosis of airway Clara cells (NA) and the other producing some signs of cellular stress that resolves without lethal injury (DEM). The doses used in these studies are well above those to which humans are exposed. Although the primary route of human exposure is via inhalation, toxicant was administered intraperitoneally to allow consistent control of the dosing regimen. Comparison of the Clara cell injury in proximal airways after inhalation and intraperitoneal doses indicates that exposure to very low concentrations (2-5 ppm) yields cytotoxicity equivalent to approximately 50 to 100 mg/kg intraperitoneally, whereas exposure to higher concentrations (10 ppm) yields results approximately equivalent to 200 mg/kg doses (2). Although 10-ppm levels are well above those normally found in ambient atmospheres, the long-term, consistent nature of human exposure (compared with the acute studies that comprise the bulk of the available data on NA) raises concerns about the long-term health effects of this and similar chemicals.
The findings in this study have not been independently confirmed with alternate methodology. However, the initial studies (16), done to develop and verify the approaches used here, carefully optimized reagent concentrations to obtain complete derivatization of available protein sulfhydryls and reduction of disulfides. Experiments with purified proteins with varying thiol:disulfide ratios yielded the expected results over a range of protein concentrations. Other groups have used similar approaches involving the use of maleimide dyes in the near-infrared range (45) and the DIGE dyes prepared for saturation labeling (46, 47) . The dyes used in the current work are the disulfonic acid maleimides, which have better water solubility than the charge-matched, saturation labeling dyes, but they cause a shift in the apparent pH of the proteins to the acididic range, resulting in a higher number of spots in the 4.5 to 5.5 range than in the 5.5 to 6.7 range. In direct comparisons between ICAT labeling and DIGE maleimide dye labeling, Fu and colleagues (46) identified a total of 50 proteins that were posttranslationally modified by H 2 O 2. Only 13 of these were identified by both methods. LC/MS/MS methods focus on measurement of tryptic peptides and as a result tend to work better than gel electrophoresis for high-molecular-weight and membrane-bound proteins. In addition, the authors used broad range IPG strips for their electrophoresis, and there is a significant possibility that low-abundance proteins could not be detected. The methods used in the current studies relied on narrow-range IPG strips to provide better protein resolution and higher loading capacities. Moreover, the use of disulfonic acid dyes increases the solubility of the derivatives, allowing higher protein gel loading. Nevertheless, we recognize the possibility that proteins imaged on our gels could contain more than one protein, thus leading to false-negative results in cases where the ratios of reduced to oxidized thiols of a lower abundance protein have been modified significantly by NA or DEM but were not detected because of signal from a protein registered at the same location of the gel that was not altered.
In conclusion, these studies suggest that moderate and high doses of NA cause significant changes in the protein thiol status of specific proteins. It is unclear whether alterations in the thiol state of these proteins alter their function within the airway epithelial cells. Noncytotoxic DEM causes significant and often drastically different changes in protein thiols identified by this study. Results from this study, combined with previous work from our laboratory and that of others, indicate there are specific proteins and protein families that are targeted for adduction and oxidation by reactive NA metabolites. Identified proteins are not always the most abundant within airway epithelial cells, nor do they all contain a large percentage of cysteines. Thus, target proteins may contain very reactive thiols that react selectively with oxidants generated during NA metabolism. This is a significant but preliminary step in determining which proteins are disrupted by NA that leads to cellular stress and necrosis in the rodent pulmonary epithelial cell. Additional studies are underway to compare protein thiol loss in airway epithelium in response to NA metabolites (NA, 1,2-NA oxide, and 1,2-and 1,4-naphthoquinone) because a clearer understanding of the metabolites associated with toxicity is important to understanding the potential interindividual differences in susceptibility that may be associated with NA exposure. Author Disclosure: P.S. received $10,001 to $50,000 from NIEHS for a Predoctoral Training Fellowship (ES007059-30) . A.B. received consultancy fees from Health Effects Institute for ,$1,000 along with lecture fees from American Petroleum Institute for less than $1,000 for a presentation at the annual conference and a grant for $10,000 to $50,000. His spouse/life partner owns stock in ExxonMobil for more than $100,001, and he received a sponsored grant from NIH for more than $100,001 for grants R01/P42. He also received less than $1,000 from Phillip Morris for reviewing two grants 8 years ago and received a stipend (z$100 each). D.M. received a sponsored grant from NIEHS for $50,001 to $100,000. None of the other authors has a financial relationship with a commercial entity that has an interest in the subject of this manuscript.
